Magnetic and transport properties of single-crystalline In 1−x Mn x Se ͑x = 0.01 and 0.10͒ have been measured. In 1−x Mn x Se exhibits a prominent magnetization hysteresis between 90 and 290 K. In 1−x Mn x Se is conducting with increasing resistance at low temperatures and a small hysteresis between 90 and 290 K with the cooling trace having lower resistivity. The magnetization above and below the hysteresis is consistent with a paramagnetic signal. A Curie-Weiss fit to the data yields a value of J eff / k B = −240 K. The data are consistent with a saturated component contributing to the hysteresis and a paramagnetic phase that scales with concentration.
I. INTRODUCTION
Layered III-VI diluted magnetic semiconductors ͑III-VI DMSs͒ are based on a two-dimensional III-VI semiconductor host ͑A III B VI ͒ in which a fraction x of the group-III element is replaced by a transition-metal ion ͑M͒. The III-VI DMSs take the form A 1−x III M x B
VI
. The III-VI semiconductors GaSe, [1] [2] [3] [4] [5] [6] [7] InSe, 3, [6] [7] [8] [9] [10] [11] [12] GaTe, 13 and GaS ͑Refs. 14-16͒ have received considerable interest in the last few years because of their remarkable nonlinear optical properties. Recent work on InSe includes studies on polaron energy-level calculations, 6 pressure dependence of phonons and excitons in InSe films, 8 InSe/ Si͑111͒ heterojunctions' electronic structure, 7 and solid InSe structural and electronic properties under pressure. 9 Although these materials have very desirable optical properties, the pure semiconductors are soft and cannot be easily polished. The InSe structure is shown in the inset of Fig. 1 . InSe is two dimensional ͑similar to mica͒ with weak van der Waals bonding between the stacked four-atom-thick layers of this crystal. 2 20 This class of diluted magnetic semiconductors has already exhibited behavior different from those of the II-VI DMS and III-V DMS that have been studied more extensively.
II. EXPERIMENTAL DETAILS
Single-crystalline In 1−x Mn x Se samples were taken from boules grown by the vertical Bridgman method with nominal concentrations of x = 0.01 and 0.10. The x = 0.01 sample was cut in half. One-half was used for the magnetization and the other for transport measurements. Magnetic measurements were taken in a new Quantum Design MPMS XL7 superconducting quantum interference device ͑SQUID͒ magnetometer at temperatures between 1.8 and 400 K in fields up to 7 T.
A pure InSe crystal was measured to determine the value of the diamagnetic signal due to the semiconductor host. A diamagnetic susceptibility value of −3.2ϫ 10 −7 emu/ g G for InSe has been measured and subtracted from the data.
III. EXPERIMENTAL RESULTS AND DISCUSSION
Magnetization versus temperature measurements taken in a 7-T field on In 1−x Mn x Se samples ͑x = 0.01 and 0.10͒ are shown in Fig. 1 . The magnetization increases at low temperature consistent with a paramagnetic phase. As can be seen in Fig. 1 , the magnetization scales with concentration with the x = 0.10 sample a factor of 1.9-2.9 larger than the x = 0.01 sample. In contrast, the difference in magnetization in the hysteresis loops at 200 K in 7 T is 0.0084 and 0.0083 emu/ g for the x = 0.10 and 0.01 samples, respectively. Unlike the low-temperature magnetization, the magnitude of the hysteresis does not scale with concentration.
Transport measurements made on the x = 0.01 sample are shown in the inset of Fig. 2 . In 1−x Mn x Se is conducting with increasing resistance at low temperatures, as expected for a semiconductor. A similar hysteresis was observed in CuIr 2 S 4−x Se x . 21 In CuIr 2 S 4−x Se x , the magnetization and electrical hysteresis in temperature were accompanied by a structural phase transition from cubic to tetragonal, as determined by x-ray diffraction. Although the changes in resistivity are not as dramatic as those seen in the metal-insulator transition for CuIr 2 S 4−x Se x , the resistivity data for In 1−x Mn x Se show a small hysteresis between 90 and 290 K with the cooling trace having lower resistivity. The lower resistivity on the cooling trace corresponds to a higher conductivity or larger magnetization while cooling, in agreement with the magnetization data. Although difficult to see on this scale, both the magnetization and resistivity hysteresis loops narrow slightly around 200 K, giving further evidence that the hysteresis loops arise from a common source. Measurements made on pure InSe ͑not shown͒ do not exhibit any temperature hysteresis.
If the hysteresis loop in the magnetism arises from Paulspin paramagnetism, the magnetization of the hysteresis loop should be linear with field. M / H is plotted as a function of T in Fig. 2 . Data for x = 0.10 in a 4-, 5-, 6-, and 7-T field all collapse to a single curve indicating that the magnetization is linear with field. Similarly, data for the x = 0.01 sample taken in a 5-, 6-, and 7-T field also collapse.
Examining the data above 300 K as well as the data below 80 K ͑Fig. 2͒, we see that the data in these regions also scale linearly with field. We have taken additional M͑H͒ data ͑not shown͒ for the x = 0.10 sample. The magnetization is linear with field up to 7 T at 400, 300, 200, 100, 50, and 20 K. Only slight curvature is evident in the M͑H͒ traces up to 7 T at 10, 5, and 2 K. For paramagnetic materials, the magnetization scales linearly only far away from saturation.
Focusing on the low-temperature magnetization below 80 K ͑Figs. 1 and 2͒, the magnetization increases from its value at 80 K as the temperature is reduced to 1.8 K. Figure  3͑a͒ shows the magnetization versus temperature below 15 K in 7 T for the x = 0.10 sample. At these lowest temperatures, the magnetization flattens and appears to saturate by 1.8 K with a saturation value around 0.176 emu/ g. However, at 2 K the magnetization versus field ͓Fig. 3͑b͔͒ reaches a value of 0.176 emu/ g but shows no sign of approaching saturation. In fact, the slope at 2 K in 7 T is 2.32ϫ 10 −6 emu/ g G. This is similar to the low-temperature behavior previously reported for Ga 1−x Fe x Se ͑Ref. 20͒ and Ga 1−x Mn x S, 18 and is consistent with Van Vleck paramagnetism ͑or perhaps with a spin-glass transition at a lower temperature͒.
A hallmark of the Mn-Se-Mn pairs in the II-VI DMS ͑e.g., Cd 1−x Mn x Se͒ is the Curie-Weiss behavior in the magnetization from which one can determine the effective inter- action strength J eff / k B . A plot of H / M vs T is shown in Fig.  4 for the data taken in a 1-, 2-, 3-, 4-, 5-, 6-, and 7-T field for the x = 0.10 In 1−x Mn x Se sample. As can be seen for temperatures on the cooling trace between 150 and 400 K, the data for all fields fall onto a single straight line as one would expect for a Curie-Weiss behavior. In this region, the CurieWeiss fit to the 7-T data yields x = 0.045 and J eff / k B = −240 K. The negative sign indicates an antiferromagnetic alignment similar to that observed in many II-VI DMSs. The magnitude of J eff / k B in In 1−x Mn x Se is somewhat higher than the II-VI DMS where values range over an order of magnitude from −7 to − 63 K for the Mn-, Fe-, and Co-based systems. The previously reported value of J eff / k B Ϸ −50 K for G 1−x Mn x S is also significantly higher than J eff / k B for similar concentrations in the II-VI DMS. 18 This suggests that there are Mn-Se-Mn ͑and/or perhaps Mn-Se-In-Mn͒ pairs in In 1−x Mn x Se.
Typically, the actual concentration in a crystal grown by the vertical Bridgman technique is somewhat lower than the nominal value due to solubility limits. The Curie-Weiss fit yields x = 0.045 for the nominal x = 0.10 sample. At 50 K in 7 T, the magnetization of the x = 0.01 sample is a factor of 2.7 smaller than the x = 0.10 sample. If the magnetization scales with concentration, then the nominal x = 0.01 sample would have an actual concentration of x = 0.017.
